Objective. To recap the historical journey leading to the first cartilage research article using nuclear magnetic resonance (NMR), published in 1955 by 2 Swedish researchers, Erik Odeblad and Gunnar Lindström. Design. Extensive Internet search utilizing both English and Swedish websites, and reading the dissertations available at the Royal Institute of Technology (Stockholm, Sweden) and via interlibrary loans at Oakland University (Michigan, USA). Results. Using a primitive NMR instrument that Lindström built for his graduate research at the Nobel Institute for Physics (Stockholm, Sweden), Odeblad and Lindström studied the characteristics of the NMR signal in calf cartilage. The authors wrote, "In cartilage and fibrous tissue, in which the proton signals probably arise from highly viscous water with short spin-lattice relaxation time, the signals were also larger than would correspond to the water content." The authors speculated the signal differences between water and biological tissues could be attributed to the absorption and organization of the water molecules to the proteins in the tissue, which was remarkably accurate. Conclusions. It is quite certain that Odeblad and Lindström published the first biomedical study using NMR in 1955. In this article, cartilage and a number of other biological tissues were examined for the first time using NMR.
Introduction
To find out who actually achieved a first in science and technology is not an easy task; sometimes, the conclusion can be controversial. Even more difficult is, many years after the events, ascertaining the background and journey that led those pioneers to carry out those first studies. The field of study discussed in this historical account is the study of cartilage by magnetic resonance. The technology of magnetic resonance has several acronyms as well as subfields, for example, nuclear magnetic resonance (NMR), which is the original and full name; NMR spectroscopy, which is the spectroscopic version of NMR (without spatial resolution) and commonly used in basic science, in particular, chemistry; NMR imaging, which is the imaging version of NMR and used mainly by nonmedical imaging scientists; magnetic resonance imaging (MRI), which is identical to NMR imaging, mainly used in the medical community; and µMRI or NMR microscopy, which is the high-resolution version of MRI.
The Journey to the First NMR Study of Cartilage
Erik Odeblad and Gunnar Lindström published a paper in 1955 in the journal Acta Radiologica, titled "Some preliminary observations on the proton magnetic resonance in biologic samples," 1 in which cartilage (and some other biological tissues) was studied using NMR. Their research journey at one time intersected with a group of scientists ( Given the tools and equipment available for NMR at the time (Figure 1) , such refusal was understandable. Without extensive training in experimental physics and electronics, no one would be able to operate such a primitive but complex system. So, Erik Odeblad did not accomplish his first goal during his fellowship. Now we need to go back further for nearly 20 years, to 1936, when the Swedish Government appointed Dr. Manne Siegbahn (1886-1978) as a professor of experimental physics and the director of a new physics institute. The English name of the new institute was the Nobel Institute for Physics. Dr. Siegbahn received a Nobel Prize in Physics in 1924 for his research on x-ray spectroscopy. In 1937, Dr. Siegbahn and his institute moved into a new building in Stockholm. 5 Much of the research in the institute was in the field of nuclear physics with the use of particle accelerators and cyclotrons. Dr. Siegbahn had a son named Kai Siegbahn , who was also a physicist working at the same institute for some time and who also received a Nobel Prize in Physics in 1981 for his research in high-resolution electron spectroscopy (commonly called x-ray photoelectron spectroscopy in modern literature). Figure 2 shows the NMR machine used in his research. Apparently, the NMR machine that Lindström built by himself, for his PhD dissertation, had an incredibly homogeneous magnet at that time, which even allowed him to measure the proton chemical shifts of mineral oil. (It is commonly accepted that the work of Arnold, Dharmatti, and Packard 7 in 1951 demonstrated the first proton chemical shift in ethanol by NMR.)
Having been refused access to the Stanford NMR machine by Bloch, Erik Odeblad returned to Sweden in 1954 without getting any NMR experiments done during his fellowship. However, he soon must have come to know of Gunnar Lindström, with whom he started to study biological tissues using the NMR machine that Lindström had built for his dissertation work. (Note that there was no commercial NMR machine for sale at the time.) In December 16, 1954, Odeblad and Lindström submitted their first NMR research for publication. 1
The Erik Odeblad and Gunnar Lindström 1955 Article
The early 1950s NMR machines had no fast Fourier transform (the modern version of which was invented 10 years later in 1966 by Cooley and Tukey). The experiment in these early machines would run by slowly sweeping the magnetic field to observe the resonance peaks. Two proton signals would appear for each specimen under the sweeping magnetic field, as shown in the article. 1 Studies of a number of biological tissues were reported in this article, including liver, muscle, fat, corpus vitreum, fibrous tissue, tendon, and cartilage. One reached a conclusion by comparing the signal of pure water with the signal of a nonwater sample. A number of differences can be found between the water signal and the tissue signal. For example, the authors wrote that "The proton signals in yeast were lower and somewhat broader than in pure water." Tables 1 and 2 contain, respectively, the measurement of the proton signals and the T1 relaxation times in cartilage. The authors stated, "In cartilage and fibrous tissue, in which the proton signals probably arise from highly viscous water with short spin-lattice relaxation time, the signals were also larger than would correspond to the water content." The authors speculated that the signal differences between water and biological tissues could be attributed to the absorption and organization of the water molecules to the proteins in the tissue, which was remarkably accurate.
Erik Odeblad's 1966 PhD Dissertation
Apparently, Gunnar Lindström left academia for industry in 1954, shortly after the completion of these experiments. It is unclear if there were any additional NMR studies of cartilage by Dr. Odeblad. Keep in mind that Dr. Odeblad's research interest was always in reproductive biology. However, Odeblad must have gained sufficient knowledge in building the NMR machine during his collaboration with Dr. Lindström. In addition to using Gunnar Lindström's instrument, he started to build his own NMR system in the hospital he worked for as a physician (the Isotope Laboratory, Department of Gynecology, Sabbatsberg Hospital Stockholm, Sweden). In fact, throughout his time, Odeblad built 3 NMR machines, with magnetic fields of 0.4 T, 1.1 T, and 3.9 T. 8 In 1966, Erik Odeblad received his PhD in physics under the supervision of Dr. Manne Siegbahn from the University of Uppsala (Sweden), where Dr. Kai Siegbahn was the Professor and Chair (the same position that his father Dr. Manne Siegbahn had in the past). Erik Odeblad's PhD dissertation can still be found in the Physics Department of the Royal Institute of Technology (KTH), Sweden. His PhD thesis, titled "Micro-NMR in High Field Permanent Magnetic Fields-Theoretical and Experimental Investigations with an Application to the Secretions from Single Glandular Units in the Human Uterine Cervix." The dissertation has 188 pages, containing a large portion in NMR instrumentation (chapters 1 to 12, pp. 12-119) and a small portion in biological experiments (chapters 13 to 15, pp 120-154). In the preface, Odeblad acknowledged and thanked the initial contributions of Gunnar Lindström in 1954. Figure 3 shows the magnet of his NMR machine (from his PhD dissertation). Note that his new magnet looked very different from the magnet in Gunnar Lindström's instrument shown in Figure 2 .
Final Remarks
Gunnar Lindström left the Nobel Institute for Physics in 1954 to lead a technical division at SAAB, never realizing Figure 4 is a photo of Erik Odeblad during the award ceremony in 2012.
In conclusion, it is quite certain that Odeblad and Lindström published the first biomedical study involving the use of NMR. Here, cartilage and a number of other biological tissues were examined for the first time using NMR. This conclusion is further supported by the credit given by Paul Lauterbur in his 2003 Nobel lecture, for his invention of MRI that earned him and Peter Mansfield the Nobel Prize in Physiology or Medicine. Lauterbur said, "In an early predecessor to MRI, …, and actual medical measurements were started when Erich Odeblad, a Swedish M.D., constructed apparatus and devised methods to study very small quantities of human secretions for medical purposes." 10 Of course, more details could be further discovered in this historical journey, for example, how Erik Odeblad came to be convinced that this seemingly obscure physics phenomenon could be used for his medical research, how he came to know Gunnar Lindström and persuaded him to measure these biological samples using NMR, and what kind of working dynamics was in their first biomedical research using NMR.
